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Xenon1T anomaly: Inelastic Cosmic Ray Boosted Dark Matter
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In this work, we studied the light dark matter from the decay of meson produced by the inelastic
scattering of CRs and atmosphere. Due to the boost effect, we find that such a dark matter can
move with a velocity close to 0.2 and may account for the very recent Xenon1T electron recoil excess.
INTRODUCTION
The existence of dark matter (DM) has been estab-
lished in cosmological and astrophysical experiments.
But the nature of dark matter is still elusive. So far,
the direct detections [1] that aim for Weakly Interacting
Massive Particle (WIMP) [2] have reached great sensitiv-
ities, and been approaching to the neutrino floor. Their
null results lead to the increasing efforts on searching for
light dark matter particles (for recent reviews, see [3, 4]).
Very recently, the Xenon1T collaboration has reported
about 3.5σ excess events over the backgrounds in the
low-energy electron recoil data (i.e. 1 keV < ER < 7
keV) [5]. The corresponding spectrum can be well fit-
ted by the solar axion with an axion-electron coupling
gae ' 3.7× 10−12, however, which is in tension with the
stellar cooling constraint, gae . 0.3 × 10−12 [6]. Other
possibilities, such as β decay of tritium, semi-annihilating
dark matter and nearby axion star, have been discussed
in [5, 7].
As known, the sensitivity of direct detections is chal-
lenged by the low energy threshold of detectors. The
average velocity of dark matter is around 10−3c in the
Milky Way halo. Therefore, the light dark matter mov-
ing with a low velocity will fit the Xenon1T poorly due to
the small recoil energy. In order to interpret the Xenon1T
anomaly, one need the light dark matter to be energetic.
Several mechanisms of accelerating light DM have been
proposed [8–11]. Among them, the cosmic rays (CRs)
play an important role. For example, a fraction of light
dark matter can be boosted to (semi-)relativistic speeds
through its elastic scattering with the high energy cosmic
rays [12].
In this paper, we will focus on the light boosted dark
matter from the decay of meson produced in the in-
elastic CRs collision [13], namely inelastic cosmic ray
boosted dark matter. Different from the upscattering
mechanism, this scheme is independent of the density of
pre-existing dark matter, and thus naturally provides a
sufficient source of boosted dark matter to explain the
Xenon1T excess.
INELASTIC COSMIC RAY BOOSTED DARK
MATTER
The main source of the inelastic boosted dark matter
arises from the inelastic high energy CRs collision with
the atmosphere on Earth. The incoming cosmic ray (pro-
ton) flux can be parameterized as in Ref. [14]. The dif-
ferential cosmic ray flux dφp(Tp, h)/dTp is the function
of proton energy Tp and height from the ground level
h, which will be diluted as traveling through the atmo-
sphere,
d
dh
dφp (Tp, h)
dTp
= σpN (Tp)nN (h)
dφp (Tp, h)
dTp
. (1)
Here σpN is the inelastic proton-nitrogen cross section
and nN is the number density of nitrogen. The initial
value of the flux is evaluated at hmax = 180km.
Since the inelastic proton-nitrogen cross section is ap-
proximately constant in the relevant energy range, we
can absorb the h-dependence of φp into a dilution factor
yp(h) for simplicity,
dφp (Tp, h)
dTp
= yp(h)
dφp (Tp, hmax)
dTp
, (2)
where we set the boundary condition of suppression fac-
tor as yp|hmax=180km = 1. Then, we can substitute the
Eq. 2 into suppression function Eq.1 and yields,
dyp(h)
dh
= σpNnN (h)yp(h). (3)
After integration over the height, we can obtain the di-
lution factor,
yp(h) = exp
(
−σpN
∫ hmax
h
dh˜nN (h˜)
)
. (4)
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2In the above calculation, we assume the nitrogen as nu-
clei target in the atmosphere and simulate the collision of
incoming CRs with the nitrogen via the process pN → X
by the package CRMC [15, 16]. For simplicity, we focus
on pi meson produced in this inelastic collision. Then,
these energetic mesons will decay to the on-shell DM
mediator V plus the SM particles, such as pi0 → V γ,
which will be sequently followed by the two-body decay
V → χχ. We treat the branching ratio as a free param-
eter.
It should be noted that the dark matter from the de-
cays of mesons will also be further attenuated by the
secondary scattering in the atmosphere. Similar to the
above, the attenuation factor of dark matter can be writ-
ten as
yd(h, θ, φ) = exp
(
−σχN
∫ ld
0
dz n(r(z)−RE)
)
(5)
where n is the number density of nucleus, and σχN is the
elastic cross section between dark matter and nucleus.
RE is the value of Earth radius and ld denotes the line
of sight distance between the point of dark matter pro-
duction and the detector.
`2d(h, θ) = (RE + h)
2
+ (RE − hd)2
−2 (RE + h) (RE − hd) cos θ (6)
Including the dilution factor of cosmic ray and the at-
tenuation factor of dark matter, we can obtain the flux
of dark matter at the depth of hd below the surface of
the Earth,
dφhdχ
dTχ
= G
∫ Tmaxp
Tminp
dTp
1
Ω (Tp)
dφp (hmax)
dTp
dσpN→χχγ
dTχ
(7)
with the geometrical factor
G =
∫ hmax
0
dh (RE + h)
2
∫ 2pi
0
dφ
∫ +1
−1
d cos θ (8)
yd
(
h, θ;σSIχ
)
yp(h, θ)
`2d(h, θ)
nN (h) (9)
and the inelastic differential cross section
dσpN→χχ
dTχ
=
dσpN (Γχχγ/Γtot)
dTχ
= BR(pi → χχγ) σpN
Tmaxχ
(10)
Here we assume a uniform distribution in dark matter
inelastic scattering.
Thanks to the high energy CRs, the resulting velocity
of DM from the decay of mesons produced in the inelastic
collision of CRs in the atmosphere can be given by
vχ =
√
2mχTχ + T 2χ
mχ + Tχ
(11)
RESULTS
Figure 1. The expected flux of inelastic cosmic ray boosted
dark matter. The curves from left to right corresponds
to two benchmark points (mχ,mV ) = (0.04, 0.1) GeV and
(mχ,mV ) = (0.001, 0.01) GeV, respectively.
In Fig. 1, we show the flux of inelastic cosmic
ray boosted dark matter for two benchmark points
(mχ,mV ) = (0.04, 0.01) GeV and (mχ,mV ) =
(0.004, 0.1) GeV. From Fig. 1, it can be seen that the
flux of such a dark matter can have a peak in the (semi-
)relativistic velocity region. The lighter DMs can get
more kinetic energy from the decays of mesons produced
through the inelastic CRs scattering.
Figure 2. The velocity of our inelastic cosmic ray dark matter
versus its mass. The scattering cross section in attenuation is
taken to be 10−27 cm2.
In Fig. 2, we present the velocity of our inelastic cosmic
ray dark matter versus its mass. We can see the mass of
dark matter is required to be within the range of 0.01−0.1
GeV to fit the Xenon1T excess. If the dark matter is
very light, it will be boosted too fast to lie in the allowed
3region.
CONCLUSIONS
The very recent Xenon1T electron recoil excess may
imply the existence of light boosted dark matter. Thanks
to the high energy CRs, we show that the dark matter
from the meson decay produced in the inelastic cosmic
ray collision can be energetic and may explain such an
intriguing anomaly.
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